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Resumen:  
La resistencia a la insulina (IR) es una característica de la diabetes mellitus tipo 2 y, en muchos 
casos, la IR en el hígado se asocia con una expresión reducida de las proteínas del sustrato 
receptor de insulina (IRS), concretamente IRS-1 e IRS-2. Estudios recientes han revelado una 
estrecha relación entre la IR y la progresión de las enfermedades hepáticas crónicas, como la 
disfunción hepática, la fibrosis y la cirrosis. Las células estrelladas hepáticas (HSC) son 
fundamentales para la patogénesis de la cirrosis hepática y se cree que contribuyen a la 
reparación del hígado y a la fibrogénesis. Estas células son las principales productoras de tejido 
conectivo en un hígado fibrótico, pero también son responsables de dirigir la reparación epitelial 
mediante la expresión de factores paracrinos, incluido el factor 7 de crecimiento de fibroblastos. 
Las HSCs quiescentes se activan por lesión; migran al sitio donde se ha producido el daño, se 
diferencian en miofibroblastos productores de matriz y participan en la resolución de la fibrosis 
sufriendo apoptosis o volviendo a un fenotipo quiescente. Sin embargo, los eventos moleculares 
que regulan el ciclo de lesión de las HSCs no se comprenden completamente y, por esta razón, 
el objetivo de este proyecto fue evaluar cómo los cambios en la sensibilidad a la insulina les 
afectaba. Esto se estudió sobreexpresando IRS2 en células humanas derivadas de HSC-LX2. Irs2 
funciona como un andamio intracelular que acopla los receptores de insulina/IGF-1 a las 
moléculas efectoras de señalización. El análisis de señalización celular se realizó por Western 
blot, mientras que las técnicas de inmunofluorescencia, MTT y RT-PCR se utilizaron para 
caracterizar líneas celulares estables con el objetivo de cuantificar la supervivencia, la 
proliferación y los cambios fenotípicos que podrían ayudar a comprender cómo la señalización 
de insulina afecta a las HSCs. Los resultados mostraron que la sobreexpresión de Irs2 aumentó 
la sensibilidad a la insulina de las células LX2, y esto condujo a una reducción de su supervivencia. 
Finalmente, las conclusiones sugieren que la reversión fibrogénica podría promoverse 
mejorando la sensibilidad a la insulina. 








Title: Insulin Receptor Substrate 2 (IRS2): a role in Hepatic Stellate Cells 
Abstract:  
Insulin resistance (IR) is a feature of type 2 diabetes mellitus and, in many cases, IR in liver is 
associated with reduced expression of insulin receptor substrate (IRS) proteins, specifically IRS-
1 and IRS-2. Recent studies have revealed a close relationship between IR and the progression 
of chronic liver diseases, such as liver dysfunction, fibrosis and cirrhosis. Hepatic stellate cells 
(HSCs) are central to the pathogenesis of liver cirrhosis and are thought to contribute to liver 
repair and fibrogenesis. These cells are the principal producers of the connective tissue in a 
fibrotic liver, but they are also responsible for directing epithelial repair by expression of 
paracrine factors, including fibroblast growth factor 7. Quiescent HSCs are activated by injury; 
they migrate to the location of damage, transdifferentiate into myofibroblasts and participate 
in the resolution of fibrosis by undergoing apoptosis or reverting back to a quiescent phenotype. 
However, the molecular events that regulate the HSC injury cycle are not completely understood 
and, for this reason, the aim of this project was to evaluate how changes in insulin sensitivity 
affected them. This was studied by overexpressing IRS2 in human HSC-derived-LX2 cells. Irs2 
functions as an intracellular scaffold that couples the insulin/IGF-1 receptors to signalling 
effector molecules. Cell signalling analysis was performed by Western blot, whilst 
immunofluorescence, MTT assays and RT-PCR analysis were used to characterize stable cell lines 
with the aim to quantify survival, proliferation and phenotypic changes that could help to 
understand how insulin signalling affects HSCs. Results showed that mouse Irs2 overexpression 
increased insulin sensitivity of LX2 cells, and this lead into a reduced survival of cells. Therefore, 
conclusions suggested that fibrogenic reversion could be promoted by improving insulin 
sensitivity.   
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1. INTRODUCTION  
 
1.1. Insulin resistance  
Type 2 diabetes mellitus (DM) is reaching epidemic proportions worldwide, as it is one of the 
most common metabolic disorders in the world (Wilcox, 2005). It develops because of 
multifactorial origin, such as ethnic origin, genetic factors and previous gestational diabetes; 
which combine with advanced age, overweight and obesity, unhealthy diet, physical inactivity 
and smoking. Nonetheless, the main causes of most of the cases of diabetes worldwide (90%) 
are overweight and obesity, along with physical inactivity (World Health Organization, 2016). As 
a consequence, Type 2 DM prevalence has increased considerably during the recent years, and 
it has become one of the main health problems in the world, affecting approximately 378 million 
people worldwide, and no cure has been found yet (International Diabetes Federation, 2013). 
The prevalence of type 2 diabetes is higher in patients who are affected by liver diseases and a 
link between the severity of liver injury and type 2 DM has been observed (Hickman & 
Macdonald, 2007). Studies have identified type 2 DM as a marker of fibrosis and of its faster 
progression (Hui et al., 2003) as its development in patients with cirrhosis has been identified, 
but new studies are demonstrating that the initiation and progression of liver injury are caused 
by the prevalence of diabetes (Hickman & Macdonald, 2007). It is known that insulin resistance 
(IR) has a main role in its development (Shulman, 2000). IR is defined as a clinical state in which 
high or normal insulin concentration generates a reduced biologic response, so hepatic glucose 
output is increased due to the reduced inhibition by insulin (Cefalu, 2001). Therefore, as a result 
of reduced glucose uptake by peripheral tissues and an increased hepatic glucose output, 
hyperglycemia is produced. (Michael et al., 2000).  
Insulin and Insulin-like Growth Factor 1 (IGF-1) control several biological processes by acting on 
two similar tyrosine kinase receptors. Their activation initiates a cascade of phosphorylation 
states that ends up with the activation of enzymes that control many responses implicated in 
metabolism and growth. Insulin/IGF-1 signalling involves many different regulation points, 
which are controlled both positively and negatively to establish an appropriate intensity and 
signal duration. However, if these signalling pathways are perturbated, IR can be produced 
(Boucher et al., 2014). Different factors including hepatic parenchymal cell damage, alcohol, 
portal systemic shunting and hepatitis C virus are responsible for the development of this 
resistance (Kawaguchi et al., 2011) and it is associated with different chronic liver diseases, such 
as liver dysfunction, fatty non-alcoholic liver disease, chronic viral hepatitis, hemochromatosis, 
alcoholic liver disease, fibrosis, and cirrhosis (Hickman & Macdonald, 2007; Kawaguchi et al., 
2011; Mohamed et al., 2009).  
Liver cirrhosis is the final stage of different liver diseases, and fibrosis is its precursor. It is 
characterised for the degeneration and necrosis of hepatocytes, replacement of liver 
parenchyma by fibrotic tissues and loss of liver function (Ferrell, 2000). The main cells involved 
in this disease are the activated hepatic stellate cells (HSCs), and their repeated cycles of 
apoptosis and regeneration contribute significantly to its development (Zhou et al., 2014). At 
present, no effective strategies to treat liver cirrhosis have been found, as the molecular 
mechanisms of this disease are not quite understood (Zhou et al., 2014). However, spontaneous 
resolution of liver fibrosis has been observed in different animal models (Iredale, 2008) and 
several studies of fibrosis recovery have reported that elimination of activated HSCs by 
apoptosis or inactivation led to the regression of fibrosis, suggesting that elimination of 
activated HSCs is a crucial step in the event of fibrosis regression (Kisseleva et al., 2012).  
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1.2. Hepatic stellate cells  
Hepatic stellate cells (HSCs), known as well as fat-storing cells, Ito cells, lipocytes, perisinusoidal 
cells, or vitamin A-rich cells, which store vitamin A among other retinoids, are central to the 
pathogenesis of liver cirrhosis and are thought to contribute to liver repair and fibrogenesis, as 
it was mentioned previously (Götze et al., 2015; Zhou et al., 2014). They reside within the 
perisinusoidal space of Disse in the liver, which is lined between parenchymal cells and 
fenestrated sinusoidal endothelial cells (SECs) (Sawitza et al., 2009). Their activation plays a main 
role in fibrosis, as it was explained in the previous section. After having a deregulation during 
the normal healing process in chronic liver injury and being exposed to inflammatory cytokines 
such as platelet-derived growth factor (PDGF), transforming growth factor (TGF)-β, tumour 
necrosis factor (TNF)-α and interleukin (IL)-1, extracellular matrix (ECM) is accumulated, 
including type I collagen (ColI) (Kisseleva et al., 2012; Zhou et al., 2014). Myofibroblasts are 
stromal cells which show myoid characteristics, are involved in the production and remodelling 
of the ECM scar in fibrosis and strongly contribute to liver fibrosis (Kisseleva et al., 2012; Lepreux 
& Desmoulière, 2015). HSCs are a major source of these myofibroblasts and of connective tissue 
in a fibrotic liver, but they are also responsible for directing epithelial repair by expression of 
paracrine factors, including fibroblast growth factor 7 (FGF7) (Schumacher & Guo, 2016).  
During liver injury, quiescent HSCs (qHSCs) migrate to the location of damage, get activated, 
transdifferentiate into myofibroblasts and participate in the resolution of fibrosis by producing 
extracellular matrix and by releasing growth factors to stimulate the liver regeneration and to 
produce fibrous scars. After fibrosis resolution, HSCs undergo apoptosis or revert back to an 
inactivated state which it is thought that is similar to, but different from, the previous quiescent 
phenotype (Figure 1) (Kisseleva et al., 2012; Schumacher & Guo, 2016). However, it is not well 
understood which the fate of these cells is, and different studies have been performed to try to 
understand it.  
Figure 1. Hepatic stellate cell (HSC) differentiation process during progression and regression of fibrosis. During the 
HSC injury cycle, HSCs undergo differentiation from quiescent cells to myofibroblasts. Exposition to inflammatory 




1.2.1. Fibroblast growth factor 7 (FGF7) 
FGF7 is an important mitogen for different types of epithelial cells (Rubin et al., 1989) and it 
regulates their migration and differentiation, being a potent survival factor under stress 
conditions  (Werner, 1998). It is produced by mesenchymal cells and it binds to its high-affinity 
receptor FGFR2-IIIb (Steiling et al., 2004). Different studies have demonstrated that expression 
of FGF7 is highly regulated after liver injury, and in transgenic mice, the expression of FGFR2-
IIIb- mutant in hepatocytes has remarkably inhibited their proliferation after injury. For this 
reason, it is thought that FGF7 plays a key role in repair after liver injury, participating in fibrosis 
resolution (Steiling et al., 2003).  
1.2.2. Cell markers  
Kisselva et al. (2012) analysed the different types of cells by considering their expression 
markers. Myofibroblasts (activated HSCs), which are supposed to be present only during the 
production of fibrous scar and disappear with fibrosis resolution, are GFAP+, Desmin+, α-SMA+ 
and ColI+(Bataller & Brenner, 2005); whilst qHSCs (or inactivated HSCs), which are present in 
normal liver, are GFAP+, Desmin+ , α-SMA – and Col−.  
Glial Fibrillary Acidic Protein (GFAP) is a member of intermediate filaments (IF) which maintains 
mechanical strength and structure of cells (Bai et al., 2013), and it has been documented that it 
is a useful marker of early activation of HSCs (Perkins, 2007). It has low expression levels in the 
state of qHSC, whilst this expression increases considerably when HSCs get activated (Geerts et 
al., 2001). With regards to actin alpha-smooth muscle (α-SMA), it is an actin isoform and a 
specific marker for smooth muscle cell differentiation (Skalli et al., 1986). Therefore, its 
expression will be used to identify activated HSCs, which show a myofibroblastic phenotype 
(Carpino et al., 2005).  Similarly, Collagen Type I and III (Col I and III) will be used to observe how  
ECM appears and is eliminated, as collagen is one of the main proteins that are produced during 
ECM accumulation, leading to scar deposition and liver fibrosis (Geerts et al., 2001; Tacke & 
Trautwein, 2015). Vimentin will be used as an HSCs marker, as it is an IF protein in normal adult 
tissues, and many cells express it in a wider spectrum during development, tissue injury, or when 
in culture (Geerts et al., 2001). With regard to differentiation, hepatocyte nuclear factor 4α 
(HNF4α) is an important transcription factor in liver differentiation, as well as APOA2, which is a 
differentiation marker (Liu et al., 2015). Therefore, these cell markers will be used as well to 
analyse this feature. Osteopontin (OPN), encoded by the gene SPP1, Seth et al., (2014) 
demonstrated that it has a key role in functions of HSCs such as signalling, cell migration and 
activation of fibrinolysis, ECM and fibrogenic pathways; and some studies have indicated that it 
might be activated specifically for fibrogenic liver repair (Wen et al.,  2016). Finally, an interesting 
cell marker for detecting cellular senescence that will be useful for understanding the HSC injury 
cycle will be the tumor suppressor p53, as it plays a key role in this event (Collado et al., 2007; 
Nishizawa et al., 2016). Cellular senescence consists in an antiproliferative program that leads 
to permanent growth arrest in the cell (Kuilman et al., 2010). Recent studies have shown that 
p53 can regulate it and that this protein can lead to cell cycle arrest, DNA repair and apoptosis 
when it becomes active. Its deletion reduces HSC senescence, leading to extensive liver fibrosis 






1.3. Insulin receptor substrate 2 (IRS2) 
Several studies have demonstrated that in liver, IR is associated with reduced expression of 
insulin receptor substrate (IRS) proteins, specifically IRS1 and IRS2 (Taniguchi et al., 2005), which 
act as scaffolds to organize and mediate signalling complexes (Boucher et al., 2014; Taniguchi et 
al., 2005). These proteins are involved in the mediation of many responses in insulin sensitive 
tissues, specifically somatic growth and carbohydrate metabolism. This has been shown in some 
studies where Irs-2-/- knockout mice have developed diabetes as a consequence of severe insulin 
resistance paired with the loss of β-cell function (Valverde et al., 2003; Withers et al., 1998). IRS2 
is a large protein (>1,200 amino acid residues) that contains an amino-terminal pleckstrin 
homology (PH) domain and phosphotyrosine-binding (PTB) domains (~100 a.a. each) followed 
by long, unstructured carboxyl-terminal tail regions (Copps & White, 2012) and a kinase 
regulatory loop binding (KRLB) domain, that works directly with the catalytic site of the insulin 
receptor, but not the Insulin-like Growth Factor receptor (IGF1 R)  (Wu et al., 2008).  It has been 
studied that IRS2 plays a central role in lipid metabolism and ERK activation in the Ras/ERK 
pathway (Huang et al., 2005). However, the pivotal one that links IRS proteins to the metabolic 
actions of insulin is the PI3-kinase (PI3K) and Akt pathway (Boucher et al., 2014). In the current 
study, the gene of this protein (IRS2) will be overexpressed in LX2 cells, and later analysis will be 
performed to get a better understanding of insulin sensitivity and to know how this gene 
overexpression could alter HSCs survival and transdifferentiation.  
1.3.1. PI3K/Akt pathway 
As shown in Figure 2, Insulin and IGF-1 receptors get activated by their ligands, which 
preferentially bind to their own receptors. However, they can also bind to the alternate receptor 
with reduced affinity (Belfiore et al., 2009). After binding, a cascade of phosphorylation events 
is initiated. Once the ligands bind to their receptors, a conformational change is produced and 
then, receptors auto phosphorylate, leading to the recruitment and phosphorylation of IRSs 
proteins. IRS proteins activate the PI3K/Akt pathway by the recruitment and activation of PI3K, 
generating then the second messenger phosphatidylinositol (3,4,5)-triphosphate (PIP3). Next, 
PIP3 recruits PDK-1 to the membrane and activates it, which phosphorylates and activates Akt, 
and induces downstream signalling, that leads in the regulation of glucose transport, lipid 
synthesis, gluconeogenesis, glycogen synthesis and control of the cell cycle and survival 
(Boucher et al., 2014). Stimulation of both glycogen and protein synthesis is produced by the 
phosphorylation of GSK-3 by Akt, which when is not phosphorylated, inhibits it. This leads to the 
dephosphorylation of GSK-3 substrates such as glycogen synthase and eukaryotic initiation 
factor 2B (Ef2b), producing the synthesis of these products (Inglehart et al., 2007). Furthermore, 
Akt regulates glucose by phosphorylating transcription factors of the Forkhead box O (Foxo) at 
several sites, providing docking sites for different binding proteins. These transcription factors 
promote gluconeogenesis and negatively regulate the expression of genes that promote glucose 
utilization, including those involved in glycolysis, the pentose-phosphate shunt pathway and 
lipogenesis (Zhang et al., 2006), and their phosphorylation by Akt inhibits them and prevents 







1.3.2. Ras/ERK pathway 
Once Insulin and IGF-1 bind to their receptors, another pathway is activated independently of 
PI3K/Akt, in which IRS and Shc proteins are recruited - this is the Ras/ERK pathway (Figure 2).  
After the recruitment of IRS and Shc proteins, Grb2 binds to them and proteins like son-of- 
sevenless (SOS) bind to Grb2. SOS is a guanine nucleotide exchange factor (GEF) for Ras, which 
catalyses the switch of membrane-bound Ras from an inactive, GDP-bound form (Ras-GDP) to 
an active, GTP-bound form (Ras-GTP). Ras-GTP then stimulates and interacts with Raf, which 
stimulates its target MEK, that simultaneously phosphorylates and activates the MAP kinases 
ERK, which are important as they have a main role in cell proliferation and differentiation, 
regulation of gene expression and in extranuclear events such as cytoskeletal reorganization 
(Boucher et al., 2014).  
Figure 2. Insulin and IGF-1 pathways. Activation of insulin and IGF-1 receptors by their ligands initiates a cascade of 
phosphorylation events that lead in the production of different processes such as regulation of glucose transport, 
lipid synthesis, gluconeogenesis, glycogen synthesis and control of the cell cycle and survival (Boucher et al., 2014) 
1.4. In vitro model: human HSC-derived-LX2 cells 
In the present study, LX-2 Human Hepatic Stellate Cell Line will be used (#SCC064, Millipore). LX-
2 was generated by immortalization of primary human hepatic stellate cells with the SV40 large 
T antigen followed by selective culture of early passaged cells in low serum media conditions 
(Millipore, 2016). 
Control cells will simulate activated HSCs, whilst Mitomycin C treated cells will be the inactivated 
HSCs. Within these two conditions, two other conditions will be established. Control LX2 cells 
will have GFP overexpression, whilst target cells will have Irs2 overexpression. Both genes were 





1.5. Statistical analysis  
Data were statistically analysed with GraphPad Prism 6 software using 2way Anova analysis or 
Student’s paired t-test, depending on the number of conditions/variables compared. Results 
were expressed as the means ± SEM and values of p < 0.05 were considered statistically 
significant.  
2. HYPOTHESIS  
Previous results have shown that Irs2-/- mouse has enhanced fibrosis and impaired liver 
regeneration. This lead us to think that IRS2 might be implicated in fibrogenic reversion in liver. 
As it was mentioned previously, HSCs regulate fibrosis in liver. Therefore, our aim was to test 
whether an overexpression of IRS2 might contribute to an increase of insulin sensitivity in 
human HSC LX2. Therefore, our hypothesis states that by artificially increasing this insulin 
sensitivity in HSCs via exogenous expression of Irs2, fibrogenic reversion could be promoted. 
 
3. OBJECTIVES  
3.1. Detection of changes of sensitivity in insulin/IGF-1 pathways 
Insulin/IGF-1 pathways play a key role in the development of insulin resistance and type 2 DM. 
For this reason, one of the objectives of the present study was to detect if Irs2 overexpression 
produced any changes in insulin sensitivity. For studying this, mouse Irs2 was overexpressed in 
human HSC-derived-LX2 cells and then were stimulated either with insulin or IGF-1, and 
different phospho-proteins from the signalling pathways were quantified by Western blot.  
3.2. Understanding HSC injury cycle 
The molecular events that regulate HSC injury cycle are not completely understood. For this 
reason, the next aim of this project was to evaluate how changes in expression of Irs2 altered 
cells in their survival, proliferation and phenotype. This was studied by overexpressing of mouse 
Irs2 in human HSC-derived-LX2 cells and was performed in two different conditions: control, 
which were the activated HSCs; and Mitomycin C cells, which simulated inactivated HSCs, as this 
treatment inhibited cell cycle.  All this was analysed by MTT assays, Western blot and by 
coculture analysis by RT-PCR and immunofluorescence.  
Finally, with all these experiments it was possible to characterize this stable cell line of human 
HSC-derived-LX2 cells.  
4. MATERIALS AND METHODS 
 
4.1. Cell culture 
Isolated human HSC-derived-LX2 cells were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) High Glucose, pyruvate (Gibco), containing 2% heated inactivated fetal bovine serum 
(FBS) (Sigma), 1% streptomycin/penicillin (Gibco) and 1% L-glutamine (Gibco), and were grown 
until they reached confluence.  Once the cultures reached it, they were trypsinised (0.25% 
trypsin EDTA) (Gibco) for 2 minutes. Then, trypsin was inactivated with DMEM medium and cells 
were centrifuged at 3000 rpm for 3 minutes. Finally, they were resuspended and passaged at a 
ratio of 1:5 in a 10 cm dish. Subsequent passages were performed to prepare the different 




When cell cultures reached 80% of confluence, half of them were inactivated by adding 100 µL 
of Mitomycin C (Sigma-Aldrich) to the medium, followed by an incubation of 3 hours and a half.  
Five washes with sterile PBS were subsequently carried out. Finally, cultures were trypsinised as 
described previously and cells were counted and seeded in different dishes depending on their 
following experiment.  
4.3. Growth assays 
To assess a combination of cell proliferation, metabolic activity and cell survival, LX2 cells (GFP 
and IRS2) were seeded at a density of 2·103 cells/well in a 96-well plate and cultured for 48 
hours, whereas to assess cell growth in inactivated cells (treated with mitomycin C), cells were 
cultured in a pre-treated gelatin (Sigma-Aldrich) 96-well plate at a density of 15·103 cells/well 
for 5 days. In both cases, cells were seeded using 100 µl DMEM 2% FBS media and after 24 hours, 
media was changed to HepaRG and incubated at 37 °C. After cell incubation, 20 µl of MTT 
solution (0.5 mg/mL, Sigma-Adrich) was added for 4 hours to each well in dark conditions. After 
the MTT treatment, media was aspirated. Resulting formazan crystals were dissolved using 100 
µl/well of dymethylsulfoxide (Sigma-Aldrich) and optical density was measured at 570 nm using 
an automated microplate reader (Victor PerkinElmer). Four independent experiments were 






Figure 3. Growth assays design. Control cells were seeded at a density of 2·103 cells/well and cultured for 3 days. 
Mitomycin C treated cells were seeded at a density of 15·103 cells/well and cultured for 5 days.   
4.4. Cell signalling experiment 
Control cells (GFP and IRS2) were cultured in a 6-well cell culture plate (170.000 cells/well) in 
DMEM 2% FBS as showed in Figure 4. After 24 hours, the medium was changed to Williams 
Medium E (Gibco) (HepaRG medium), containing 11% Fetal Clone III (Thermo Scientific Fisher), 
1% streptomycin/penicillin (Gibco), 1% L-glutamine (Gibco), 0.1% hydrocortisone (Sigma-Adrich) 
and 0.05% insulin (Sigma-Aldrich). One day later, 3 washes every 15 minutes with Serum Free 
Media (SFM) were performed. Subsequently, the cell culture was incubated during 4 hours with 
SFM and after this 4-h starvation period, cells were treated with 1nM insulin and 1nM IGF1. 
After hormone incubation for 10 minutes at 37 °C, the dish was placed on ice to stop the cellular 
metabolism and media were removed. Cells were washed with cold phosphate-buffered saline 
(PBS) (8 g NaCl, 0.2 g KCl, 0.2 g KH2PO4, 1.44 g Na2HPO4, 1L ddH20, pH=7.4) and then were 
collected with ice-cold lysis solution containing 5% Glycerol P (Sigma-Aldrich), 4% Complete 
(Roche), 0.2% Sodium Orthovanadate (Sigma-Aldrich), 2% PMSF (Roche) and 88.8% Lysis buffer 









Figure 4. Signalling experiment design. Cells were seeded at a density of 170.000 cells/well and were cultured for 
48h. After 4h of starvation, cells were stimulated with [1nM] of insulin and IGF-1.    
4.5. Protein study 
To evaluate and understand the molecular events that regulate HSC injury cycle, both control 
and mitomycin C cells, were seeded in a 10 cm pre-treated gelatin dish at a density of 1.2 · 106 
cells/dish and cultured for 3 days. In both cases, cells were seeded using 10 mL DMEM 2% FBS 
media and after 24 hours, media was changed to HepaRG and incubated at 37 °C.  After 48 hours, 
dishes were scraped with ice-cold lysis solution and cells were stored at -80 °C. 
4.6. Western blot 
To analyse proteins from both cell signalling experiment and protein study, Western blot was 
performed.   
4.6.1. Proteins extraction 
Samples were placed on ice and were lysed by sonication at a frequency of 30kHz with an 
intermittent pulse of 10 seconds on and 15 seconds off, and it was performed three times per 
sample. Lysed samples were then incubated for 30 minutes on ice. Next, samples were 
centrifuged at 13000 rpm for 15 minutes at 4 °C. Supernatant was then collected and stored at 
-80 °C. 
4.6.2. Protein preparation and separation 
Proteins were quantified and prepared with 6x loading and lysis buffer. Depending on the 
molecular weight of the target proteins, two different percentages of gels of polyacrylamide 
were prepared, of 7% and 15%.  Samples were running at 70 V during the first 30 minutes. Then, 
current was changed to 120 V.  
4.6.3. Transfer 
Before starting with the transfer, the membrane of nitrocellulose was activated during 5 minutes 
with methanol. Then, transfer was started. For the largest proteins, transfer buffer with 20% of 
methanol was used and a transfer of 100V was carried out for 2 hours; whereas for the smallest 
proteins, transfer buffer without methanol was used and the process was performed overnight 
at 30 V.  After transfer, the nitrocellulose membrane was blocked with TBST 3% BSA for 1 hour. 
Primary antibody was then added and incubated overnight at 4°C. The next day, membrane was 
washed, and secondary antibody was added and incubated for 2 hours at room temperature. 






Antibodies against the following proteins were used: P-GSK 3β (1/500, rabbit, Santa Cruz), P-ERK 
(1/500, mouse, Santa Cruz), P-FOXO1 and 4 (1/1000, rabbit, Cell Signaling), P-AKT (1/1000, Cell 
Signaling) and actin (1/50000, rabbit, Santa Cruz) for the cell signalling Western blot and IRS2 
(rabbit, Santa Cruz), GFP (chicken, Santa Cruz), GFAP (mouse, Santa Cruz), p53 (mouse, Santa 
Cruz), α-sma (rabbit, Abcam), FGF7 (mouse, Santa Cruz) for the protein study.  
4.7. Co-culture  
To evaluate survival, proliferation and phenotypic changes of LX2 cells over time, both control 
and mitomycin C cells (GFP and IRS2), were seeded at a density of 2.5·104 cells/well in a 24-well 
plate with pre-treated gelatin coverslips and cultured for different timepoints (5, 9 and 15 days); 
whereas to analyse their RNA, the same density of cells was seeded in a pre-treated gelatin 24-
well plate without coverslips for 15 days. In both cases, cells were seeded using 0.5 mL of DMEM 
2% FBS media. After 24 hours, Hepa RG (Sigma-Aldrich) cells were thawed by placing cryovials 
in 37 °C water bath and resuspended in HepaRG media. Subsequently, DMEM media of the 
previous day was aspirated and 0.5 mL of Hepa RG cells were added to each well. One 






Figure 5. Co-cultures design. Cells were seeded at a density of 2.5·104 cells/well. (A) Co-culture with coverslips with 
different timepoints. (B) Co-culture of 15 days for RNA extraction.  
4.8. Immunofluorescence 
At the time points of 5, 9 and 15 days, the media of the co-culture (Figure 5A) was aspirated, 
and cells were fixed on the coverslips with 4% paraformaldehyde (PFA) (Sigma-Aldrich) for 10 
minutes at room temperature. Subsequently, cells were washed 3 times with PBS and stored at 
4 °C. Once all cells were fixed, they were permeabilized with PBS [0.5% Triton x100] for 15 
minutes at room temperature. Afterwards, cells were washed twice with PBS and blocked with 
PBS [1% BSA; 5% Horse Serum; 0.2% Triton x100] for 1 hour at room temperature.  Primary 
antibodies were then added in blocking buffer. Each coverslip required 60 µl of antibody mix 
and these were mixed together for a triple staining. Cells were incubated overnight at 4 °C. After 
24 hours, cells were washed 6 times with PBS and secondary antibodies were added in PBS [1% 
BSA; 0.2% Triton x100] and incubated for 2 hours at room temperature.  After incubation, cells 
were washed six times with PBS and 2 times with H2O. Subsequently, coverslips were mounted 
onto slides with Fluorescent Mounting Medium (Dako). Finally, slides were placed in a cardboard 
slide folder and stored at 4 °C.  
4.8.1. Primary antibodies 
The primary antibodies used for the immunofluorescence were: Vimentin (1/300, mouse, Santa 




4.8.2. Secondary antibodies 
The secondary antibodies used were Hoechst (1/2000, Sigma-Aldrich), α-rabbit (647, Santa Cruz) 
and α-mouse (488, Santa Cruz).  
4.8.3. Microscopy and image acquisition  
Conventional fluorescence microscopy with immersion oil was used with the objective lens of 
40x and images of the samples that were prepared by immunofluorescence were taken, all of 
them at the same exposure.  
4.9. RT-PCR 
4.9.1. RNA extraction  
For a later RNA extraction, LX2 cells were collected from the co-culture at day 15 by using RLT 
buffer with β-mercaptoethanol. First, DMEM media was aspirated and cells were washed with 
PBS. After washing, 350 µl/well of RLT buffer with 10 µl/mL β-mercaptoethanol were added. 
Then cells were collected by scrapping and stored at -80 °C. Total RNA was extracted with the 
RNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions.  
4.9.2. Retro-transcription 
Total RNA was reverse transcribed to complementary DNA (cDNA) using the RNA to cDNA 
EcoDry Premix (Takara). The reaction was performed for 60 minutes at 42˚C (annealing), (cDNA 
synthesis), and 10 minutes at 70˚C (enzyme denaturation).  
4.9.3. Quantitative PCR 
Comparative quantitative real time polymerase chain reaction (RT-PCR) was performed with 
Lightcycler 480 (Roche). cDNA (X µl) was used in each PCR reaction. The housekeeping gene 
RPL19 was used as a reference gene for normalisation and H2O was used as a negative control. 
The primer pairs (forward/reverse) for APOA1 were (TCGCAGCAACTGTGCTACTC) and 
(TCTGGGCTCTTGACCTTCTC); for FGFRII-IIIβ: (TGCTGGCTCTGTTCAATGTG) and 
(GGCGATTAAGAAGACCCCTA); for SPP1: (GCCGAGGTGATAGTGTGGTT) and 
(CCATGTGTGAGGTGATGTCC); for α-sma: (CTGAGCGTGGCTATTCCTTC) and 
(CAGTGGCCATCTCATTTTCA); for COLA1: (TGGTGACAAGGGTGAGACAG) and 
(CTCCAGAGGGACCTTGTTCA) and for COLA3 (GGTGAGCCTGGTAAGAATGG) and 
(CTTGCCATCTTCGCCTTTAG). The PCR reaction was catalysed by TB Green™ Premix Ex Taq ™ II 
(Takara), which generated the fluorescence signals as well during each of the 47 cycles, in 
proportion to the quantities of double stranded DNA (denaturation 5 minutes at 95˚C; 
amplification 10 seconds at 95 ˚C, 20 seconds at 54 ˚C, 30 seconds at 72 ˚C; melting 5 seconds at 









5. RESULTS AND DISCUSSION 
 
5.1. Overexpression of Irs2 in early passages. 
As the main objective of this study was to analyse which changes mouse Irs2 overexpression 
produced in LX2 cells behaviour and insulin sensitivity, the first step was to prove that this 
overexpression was effective. Thus, control GFP and IRS2 LX2 cells were seeded under the same 
conditions. Three days later, cells were collected, and proteins were extracted for finally 
analysing them by Western blot.  
Western blot was performed to know if Irs2 had been over expressed correctly. As shown in 
Figure 6, the first passage (passage 10) had Irs2 over expression (cells were infected at passage 
3 and 5). However, two passages later (n=2) this over expression was no longer observed. From 
this, it was concluded that all the experiments would have to be done in early passages, and 







Figure 6. Western blot of IRS2. Control GFP and IRS2 LX2 cells were analysed.  IRS2 was overexpressed in passage 10 
(n=1), but this overexpression disappeared two passages later (p12, n=2). 
5.2. Irs2 overexpression and insulin sensitivity 
It is known that insulin and IGF-1 pathways play a key role in the development of IR and Type 2 
DM. To study how overexpression of Irs2 changed phosphorylation of some of the proteins of 
these pathways, cells were stimulated with insulin and IGF-1.  
Generally, it was observed that Irs2 overexpression increased phosphorylation of most of the 
signalling pathways proteins, more significantly when cells were stimulated with IGF-1 (Figure 7 
and 8). Except in the case of p-ERK (Figure 8C), where no important differences were observed 
except for the insulin stimulation, where phosphorylation level decreased with the 
overexpression. It is important to notice that ERK phosphorylation is involved in cell proliferation 
and differentiation, and this decrease after insulin stimulation could have an effect on cells 
behaviour. In the case of p-FOXO 1 and 4, only significant differences could be found when cells 
were stimulated with IGF-1.  
In conclusion, these results suggested that Irs2 overexpression altered downstream signalling 













Figure 7. Western blot of insulin/IGF-1 pathways phosphorylated proteins in GFP and IRS2 cells. A general increase 
in phosphorylation expression was observed in all the cases, except in P-ERK protein.  
Figure 8. Results of signalling experiment. n=1 experiment. Cells were stimulated with [1nM] of insulin and IGF1. 
Generally, IRS2 overexpression enhanced proteins phosphorylation. (A and B) Phosphorylation of p-GDK3B and p-AKT 
increased with Irs2 overexpression. (C) Phosphorylation of p-ERK was not increased significantly with Irs2 
overexpression, but it decreased when cells were stimulated with insulin. (D and E) Phosphorylation of p-FOXO 1 and 
4 was only increased with IGF-1 stimulation.  
5.3. Growth assays of control and mitomycin C treated GFP and IRS2 cells 
After checking that LX2 cells had over expressed Irs2, and observing that this overexpression 
changed their insulin sensitivity, the next step was to know which effects Irs2 overexpression 
had on their ability to grow.  
As explained previously, it is important to completely understand the HSC injury cycle and insulin 
signalling pathways. IR is involved in these events, and for this reason, it is needed to know which 
changes are produced in the cell line of interest when Irs2 is overexpressed. Therefore, one of 
the key points of this study was to know if LX2 cells survived for longer when they were 




inactivated with Mitomycin C. It has been seen that Irs2 contributes to increase cell viability and 
reduces apoptosis in JAK2-mutated cells (de Melo Campos et al., 2016). Therefore, the aim of 
this experiment was to see how over expression of Irs2 contributed to the survival in both 
control and mitomycin C treated LX2 cells.    
Results showed that over expression of Irs2 in control cells did not have a significant change in 
their growth characteristics as judged by MTT assay (p > 0.005, Fig. 9A). Whilst in mitomycin C 
treated cells, a significant difference (p =0.0162; p < 0.05, Fig. 9B) between GFP and IRS2 cells 
was observed, where this over expression reduced survival. As a conclusion, it could be 
suggested that overexpression of Irs2 in LX2 cells contributed to their death following Mitomycin 
C cell cycle arrest. Some studies have demonstrated that a modification in PI3K/Akt and Ras/ERK 
pathways can produce unexpected responses. For example, Irs2 could promote an increase in 
proliferation of HSCs. However, this event could display elevated reactive oxygen species (ROS) 
levels, which could be responsible of the depletion of these cells and a reduction of their lifespan 
(Martelli et al., 2010). Furthermore, the failure to sustain expression of the transgene (section 
5.1.) could be explained as well by this selective disadvantage. Therefore, this could be an 
explanation of these results.  









Figure 9. Results of growth assays. (A) To assess cell growth in control cells, LX2 cells were seeded at a density of 2·103 
cells/well in a 96-well plate and cultured for 48 hours. (B) Whilst mitomycin C treated LX2 cells (GFP and IRS2) were 
cultured in a pre-treated gelatin 96-well plate at a density of 15·103 cells/well for 5 days. Four independent 
experiments with four replicates per condition were performed. Ns p < 0.05 and * p > 0.05. 
Moreover, these conclusions were related with Figure 10, where LX2-Irs2 looked bigger and 
fewer in number in both conditions (Mitomycin C and IRS2). A possible explanation could be that 
Irs2 promotes growth whilst inhibiting proliferation. This could mask differences in the MTT 
assays because the cells proliferated less but “grew” bigger. Following Mitomycin C, they cannot 
proliferate so combination of cell numbers changing by death and static cell growth in the 
absence of proliferation could be seen.  
















































Figure 10. Microscopy 20x images. Images of cell cultures in 10 cm dishes were taken by day 3 in p10 at 20x. 
Mitomycin C treated and IRS2 cells survived less than control and GFP. 
5.4. P53 expression in LX2 cells 
Since it looked like Irs2 might accelerate cell death following Mitomycin C, the next step was to 
know if there was more p53 expression when cells were treated with Mitomycin C. For studying 
this, p53 was analysed by Western blot, in an n = 2 experiment.  
The four different conditions were compared (Figure 11) and only a significant difference was 
found between GFP control and Mitomycin C cells, in which Mitomycin C cells increased p53 
expression.  No significant differences between the other groups were evident (p > 0.05, Fig. 
11). However, generally it was observed that p53 expression increased with IRS2 cells and with 
mitomycin C treatment, consistent with the hypothesis that Irs2 is inhibitory to cell 
growth/survival in HSCs.  
These results can be related with the previous section (5.3.), where a decrease of survival was 
found in both conditions: Mitomycin C and IRS2 cells. As it is known, p53 plays a key role in 
cellular senescence, where its expression enhances this event by cell cycle arrest, DNA repair or 
apoptosis. Therefore, an increase in its expression could explain a lower survival of cells (Jin et 
al., 2016). Nonetheless, this was an n = 2 experiment, and more analysis would have to be 












Figure 11. Results of p53 Western blot analysis. (A) Quantified p53 expression of control and Mitomycin C treated 
GFP and IRS2 cells was compared (n=2 for each group). Only a significant difference was found between control and 
Mitomycin C GFP cells. Data were statistically analysed using a paired t test. Results were expressed as the means ± 
SEM. * p > 0.05, n = 2.  (B) Western blot from where p53 was quantified. Control and Mitomycin C GFP and IRS2 cells 
(n=2) were harvested.   
5.5. FGF7 expression in LX2 cells 
The previous results demonstrated that Irs2 might contribute to a loss of cell survival. For this 
reason, it was thought that studying FGF7 expression would be interesting.  As it is known, FGF7 
is an important mitogen and plays a key role in repair after liver injury, participating in fibrosis 
resolution and enhancing proliferation (Steiling et al., 2003). Therefore, FGF7 expression was 
analysed by Western blot to know how Irs2 over expression had modified its secretion in control 
cells.   
A significant difference was found between control GFP and IRS2 cells, which suggested that Irs2 
overexpression might contribute to a decrease in FGF7 expression. This result could be related 
with the less survival of over expressed IRS2 cells observed previously. If IRS2 cells do not survive 
as long as GFP, less FGF7 could be secreted. Another possibility could be that FGF7 was secreted 
into the medium. Therefore, not all the FGF7 produced could be detected by Western blot and 








Figure 12. Results of FGF7 Western blot analysis. (A) Quantified FGF7 expression was compared between control GFP 
and IRS2 cells (n=4). A significant difference was found between GFP and IRS2 cells (p=0.0421).  Data were statistically 
analysed using a paired t test. Results were expressed as the means ± SEM. * p > 0.05.  (B) Western blot from where 
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5.6. Survival of LX2 with HepaRG cells in co-culture.  
Monocultures indicated that Irs2 overexpression might contribute to reduce cell survival. 
Therefore, co-culture of LX2 with HepaRG cells was performed to have more realistic results as, 
in this way, it would be possible to study natural interactions between the two cell lines, improve 
their culturing and establishing synthetic interactions between them (Goers et al.,  2014).  Co-
cultures with the four different conditions were cultured once for different timepoints and were 
analysed by immunofluorescence. Images then were taken and analysed qualitatively.  
Generally, images (Figure 13) suggested the same that was proposed previously, which was that 
LX2 cells had a lower survival when were treated with Mitomycin C and when Irs2 was 
overexpressed. In control cells (Figure 13A), by day 15 Irs2-LX2 cells were not present anymore, 
as vimentin expression was no longer observed. Whilst in Mitomycin C conditions (Figure 13B), 
by day 5 it was clear that GFP had more vimentin expression than IRS2, showing a lower survival 




   
 
Figure 13. Vimentin, HNF4α AND Hoechst staining images. Images were merged with ImageJ software. (A) Control 
GFP and IRS2 LX2 with HepaRG co-cultures at different timepoints. By day 15 no survival of IRS2 LX2 cells (vimentin) 
was observed. (B) Mitomycin C GFP and IRS2 LX2 with HepaRG cells co-cultures at different timepoints. Big differences 
by day 5 are observed in LX2 survival, where GFP survive more. 
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5.7. FGFR2-IIIb  
To completely analyse FGF7 expression, mRNA of its high-affinity receptor FGFR2-IIIb was 
analysed by RT-PCR from a co-culture of LX2 with HepaRG cells in the four different conditions. 
A significant difference was found between mitomycin C GFP and IRS2 cells, where IRS2 
expressed less FGFR2-IIIb. Furthermore, FGFR2-IIIb expression increased significantly when cells 
were treated with Mitomycin C (Figure 14).  This last result coincides with literature, which 
indicates that when HSCs get inactivated after liver injury repair (in this case treated with 
Mitomycin C), expression of FGF7 and FGFR2-IIIb increase significantly, participating in fibrosis 
resolution (Schumacher & Guo, 2016).  
Whilst in the case of IRS2 cells, FGFR2-IIIb was less expressed, which matches with the 
conclusion obtained previously (section 5.5.), where FGF7 expression decreased with Irs2 over 
expression. This could discard the possibility of not detecting FGF7 because of its secretion into 











Figure 14. Results of FGFR2-IIIb mRNA expression quantification. mRNA quantification of FGFR2-IIIb was compared 
between control and Mitomycin C GFP and IRS2 cells (n=1, with two duplicates). Significant differences were found 
between GFP control and mitomycin C (p < 0.001), IRS2 control and mitomycin C (p < 0.01) and mitomycin C GFP and 
IRS2 cells (p < 0.01). Data were statistically analysed using a 2way ANOVA. Results were expressed as the means ± 
SEM. 
5.7. Fibrosis and differentiation 
Liver fibrosis consists in the excessive accumulation of ECM proteins, including collagen, and this 
occurs in most of chronic liver diseases (Bataller & Brenner, 2005). For studying how mouse Irs2 
over expression alters fibrosis and differentiation of LX2 cells, different experiments were 
performed. GFAP and α-sma expression were analysed by Western blot; whilst α-sma, APOA2, 
collagen Type I and III and SPP1 by RT-PCR. However, it is important to notice that the qRT-PCR 
was performed just once (n = 1) and no significant results were obtained.  
5.7.1.  Alpha-sma and GFAP expression 
Proteins of control and Mitomycin C treated GFP and IRS2 cells were extracted and GFAP and α-
sma were analysed by Western blot. No significant differences of GFAP and α-sma expression 
were observed neither between IRS2 and GFP cells or between control and mitomycin C 

























































conditions (Figure 15). However, a slight decrease of both cell markers expression was observed 
once cells were treated with Mitomycin C.  
This last result of GFAP expression coincides with the study of Geerts et al. (2001), which states 
that GFAP has high expression levels when HSCs are activated (control cells, Figure 8A), whilst 
its expression decreases when HSCs are in a quiescent state, which it is thought to be similar to 
but different from their inactivated state (in this case with Mitomycin C, Figure 8A). However, 

















Figure 15. Results of GFAP and Alpha-sma Western blot analysis. Data were statistically analysed using a 2way Anova. 
Results were expressed as the means ± SEM. (n = 4). (A) Quantified GFAP expression of control and Mitomycin C 
treated GFP and IRS2 cells was compared (n=4 for each group). No significant differences were found between the 
four conditions (p > 0.05). (B) Western blot from where GFAP was quantified. Control and Mitomycin C GFP and IRS2 
cells were harvested. (C) Quantified Alpha-sma expression of control and Mitomycin C treated GFP and IRS2 cells was 
compared (n=4 for each group). No significant differences were found between the four conditions (p > 0.05) (D) 
Western blot from where Alpha-sma was quantified. Control and Mitomycin C GFP and IRS2 cells were harvested.   
Furthermore, mRNA of α-sma was analysed by RT-PCR. Similar results to the Western blot 
analysis were obtained (Figure 16). However, in this case significant differences were found 
between control and Mitomycin C treated cells, where the α-sma mRNA expression of the last 
ones decreased significantly after inactivating them with Mitomycin C. However, no differences 
were found between GFP and IRS2 cells.  
Results confirmed what other studies have presented, which is that activated HSCs (Control in 
Figure 16) are supposed to show a myofibroblastic phenotype, expressing high levels of α-sma, 
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phenotype disappears and α-sma expression levels decrease (Carpino et al., 2005). Nonetheless, 
with regard to GFP and IRS2, results suggest that Irs2 overexpression does not affect significantly 










Figure 16. Results of Alpha-sma mRNA expression. Quantified mRNA of Alpha-sma expression of control and 
Mitomycin C treated GFP and IRS2 cells was compared (n=1, with 2 duplicates). Significant differences between 
control and Mitomycin C treated cells were found, where mRNA expression of Mitomycin decreased significantly (p 
< 0.05). Data were statistically analysed using a 2way Anova. Results were expressed as the means ± SEM. 
5.7.2. Differentiation: APOA2 expression 
APOA2 consists in a differentiation marker, and an analysis of its mRNA from the co-cultures was 
performed by RT-PCR to know how differentiation patterns changed between the four 
conditions.  
Results showed significant differences between control and Mitomycin C cells, where 
inactivated cells increased APOA2 mRNA expression; whilst between Mitomycin C GFP and IRS2 
cells, IRS2 decreased its expression (Figure 17). These results suggested that inactivation of cells 
might enhance HSCs differentiation. However, they suggested as well that Irs2 overexpression 
might reduce it when cells got inactivated.    









Figure 17. Results of APOA2 mRNA expression. Quantified mRNA of APOA2 expression of control and Mitomycin C 
treated GFP and IRS2 cells was compared (n=1, with 2 duplicates). Significant differences between control and 
Mitomycin C treated cells were found, where mRNA expression of Mitomycin increased significantly (p < 0.05), as 
well as between Mitomycin C GFP and IRS2 cells, where IRS2 decreased APOA2 expression (p < 0.05). Data were 
statistically analysed using a 2way Anova. Results were expressed as the means ± SEM. 














































































































5.7.3. Fibrosis: Collagen Type I and III and SPP1 expression 
As it was mentioned previously, liver fibrosis involves accumulation of ECM proteins, in which 
collagen is included, and in which osteopontin plays a key role in its resolution (Wen et al., 2016). 
For this reason, their mRNA was analysed by RT-PCR.  
Results of collagen type I and III showed significant differences between control and Mitomycin 
C cells, in which Mitomycin C treated cells reduced significantly Col I and III expression (p < 
0.005). This result could be related with literature, which indicates that during fibrosis, where 
HSCs get activated (control), ECM proteins accumulate, including collagen. However, when HSCs 
stop being activated and change to an inactivated or quiescent state (Mitomycin C), ECM 
proteins disappear, which coincides with the results obtained (Schumacher & Guo, 2016). Whilst 
results of SPP1 expression showed the opposite. Significant differences were found between 
control and mitomycin C cells, in which in this case inactivated cells increased the expression of 
the gene (p < 0.05). This result coincides as well with literature, which indicates that OPN 
participates in fibrosis resolution by up-regulating its expression, and it is confirmed to enhance 
viability and wound healing (Wen et al., 2016). In conclusion, huge differences in fibrosis 
between activated and Mitomycin C treated cells were observed, as fibrosis depends on 
proliferation of these cells in the cocultures. Therefore, this assay was capable of detecting these 
differences, and reflected reduced survival of the LX2-Irs2 compared to control. Nonetheless, 
no significant differences were found between GFP and IRS2 cells in any of the three cases at 
the level of the mRNA. But it is important to notice that this assay was performed only once and 
at one timepoint (day 15). Therefore, the model was not the right one, as it was not long enough 










Figure 18. Results of Col1A1, Col3A1 and SPP1 mRNA expression. Quantified mRNA of COL1A1, COL3A1 and SPP1 
expression of control and Mitomycin C treated GFP and IRS2 cells was compared (n=1, with 2 duplicates). Data were 
statistically analysed using a 2way Anova. Results were expressed as the means ± SEM. (A, B) Significant differences 
between control and Mitomycin C treated cells were found, where mRNA expression of Mitomycin decreased 
significantly (p < 0.005). No significant differences between GFP and IRS2 groups were found. (C) Significant 
differences between control and Mitomycin C treated cells were found, where mRNA expression of Mitomycin 
increased significantly (p < 0.05). No significant differences between GFP and IRS2 groups were found. 
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The purpose of the current study was to know if Irs2 overexpression contributed to increase 
insulin sensitivity of LX2 cells and, if this happened, how this would change HSCs behaviour. The 
hypothesis presented suggested that IRS2 might increase insulin sensitivity, and this would lead 
in a reduction of activated HSCs survival, which could lead in a decrease of fibrosis progression.  
Generally, this study was rigorous enough as most of the experiments were n = 4, except for the 
signalling experiment and cocultures (n = 1). After analysing and discussing the results obtained, 
the study suggests that mouse Irs2 overexpression alters insulin/IGF-1 pathways, increasing 
insulin and IGF-1 sensitivity, as in general phosphorylation of the involved proteins increased 
notably. Furthermore, results have suggested as well that this Irs2 overexpression does not 
contribute to a longer survival of LX2 cells, as IRS2 cells have shown in all the experiments a 
decrease in their survival in both control and Mitomycin C conditions. Therefore, it could be 
concluded that Irs2 overexpression reduces the lifespan of both activated and inactivated HSCs, 
or that these cells do not survive because of a selective disadvantage. These findings will be of 
interest to fibrosis therapies, as a reduction of activated HSCs survival or its faster disappearance 
might reduce the accumulation of fibrous scar and enhance fibrosis resolution. Therefore, Irs2 
overexpression could be considered for the development of future fibrosis and cirrhosis 
therapies.  
Nonetheless, further research needs to be done to deepen the importance of Irs2 
overexpression in HSCs. More immunofluorescence assays should be done for later analysing 
samples by In-cell technology, which would allow proliferation and differentiation to be 
quantified. Furthermore, it would be interesting to perform ELISA assays to know if FGF7 is 
secreted into the medium or if its secretion is significantly reduced when Irs2 is overexpressed. 
Finally, it would be interesting to study cells senescence with new markers such as p21, caspase-
3 and Ki67, to see if results coincide with the p53 expression ones.  
However, the current study has suggested an important conclusion, which is that increased 
insulin/Irs2 leads to reduced proliferation and survival of HSCs in monoculture and coculture - 
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Appendix 1: Irs2 silencing and insulin sensitivity 
In this case, a different pattern from the analysed in the current study with Irs2 overexpression 
was observed. Generally, it was observed that Irs2 silencing decreased phosphorylation of most 
of the signalling proteins when these were stimulated with IGF-1. Whilst, in general, no 
significant differences were observed between control and shIRS2 cells with insulin stimulation.   
In conclusion, these results suggested that Irs2 silencing altered downstream signalling 











Figure 19. Western blot of insulin/IGF-1 pathways phosphorylated proteins in GFP and shIRS2 cells. A different pattern 
of phosphorylation was observed from the Irs2 overexpression cells.  
Figure 20. Results of signalling experiment with shIRS2 cells. n=1 experiment. Cells were stimulated with [1nM] of 
insulin and IGF1. 
